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November	2017),	 [CO2]	measurements	 in	 treatment	 and	 control	 arrays	 show	 that	
the	 target	 concentration	was	 successfully	 delivered,	 that	 is:	 +147	 ±	 21	 µmol/mol	
(mean	±	SD)	or	98	±	14%	of	set	point	enrichment	target.	e[CO2]	treatment	was	ac‐
complished	for	97.7%	of	the	scheduled	operation	time,	with	the	remaining	time	lost	




of	 cross‐contamination	>80	µmol/mol	 (i.e.	 >53%	of	 the	 treatment	 increment)	 into	
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of	 increasing	 atmospheric	CO2	 concentrations	 (Schimel,	 Stephens,	
&	 Fisher,	 2015),	 especially	 through	 the	 stimulation	 of	 growth	 and	









on	mature	 forest	ecosystems	under	 future	elevated	 [CO2]	 (e[CO2],	
Ellsworth	 et	 al.,	 2017;	 Norby	 et	 al.,	 2016).	 In	 the	 northern	 hemi‐
sphere,	where	about	40%	of	the	net	uptake	occurs,	highly	seasonal	
mature	forests	dominate	the	land	carbon	sink	(Luyssaert	et	al.,	2008).	
Our	 experimental	 knowledge	 of	 how	 such	 forest	 ecosystems	 re‐
spond	to	further	increases	in	[CO2]	is	based	on	few	‘first‐generation’	 
Free	Air	CO2	Enrichment	experiments	(FACE),	either	on	young,	vig‐
orously	 growing	 forest	 plantations	 (Hendrey,	 Ellsworth,	 Lewin,	 &	
Nagy,	 1999;	Norby	 et	 al.,	 2006)	 or	 on	 small	 seedlings	 or	 saplings	
(e.g.	Dickson	et	al.,	2000;	Kubiske	et	al.,	2015;	Smith	et	al.,	2013).	




Since	 the	 closure	 of	 important	 ‘first‐generation’	 forest	 FACE	





has	 advocated	 for	 large‐scale,	 ecosystem‐plot‐sized	 FACE	 exper‐
iments	 in	 important	 forest	 ecosystems	 (Calfapietra	 et	 al.,	 2010;	
Norby	et	al.,	2016).
The	 ‘EucFACE’	 experiment	 in	 an	 open,	 Mediterranean‐type	
sclerophyll	 forest	 in	Australia	 (Drake	et	 al.,	 2016)	 is	 the	 first	 such	
‘second‐generation’	 forest	 FACE,	 which	 has	 been	 operating	 since	




by	 up	 to	 25	 m	 tall	 mature	 pedunculate	 oak	 (Quercus robur),	 with	









































1(f) 26.7 17 724 24,815 26.0
2(c) 25.6 16 628 21,107 24.9
3(c) 26.2 16 661 22,138 25.5
4(f) 27.2 17 702 24,406 26.5
5(c) 27.3 17 688 24,207 26.6
6(f) 24.7 17 678 21,641 24.0
aThe	internal	radius	is	defined	as	the	mean	distance	between	the	central	tower	and	inside	edge	of	
the	towers	supporting	the	vent	pipes.	Arrays	are	designated	fumigation	‘(f)’	or	control	‘(c)’.	
TA B L E  1  FACE	array	geometries




Within‐array	 spatial	 and	 temporal	 variability	 are	 potentially	
important	 factors	 in	 FACE	 projects	 because	 they	 determine	 the	
dose	received	by	plants	in	each	array.	Detailed	analyses	have	been	
made	 only	 once	 previously	 for	 a	 FACE	 system	 of	 similar	 size	 to	
BIFoR	FACE:	for	a	single	array	in	an	evergreen	conifer	plantation	












full	 season	 of	 fumigation	 in	 BIFoR	 FACE	 to	 address	 the	 following	
questions:














opy	 that	 covers	19.1	ha.	The	 forest	 consists	of	plant	 communities	








the	 forest	 site,	 in	 the	 area	where	 the	 40	m	 flux	 tower	 is	 located,	




Scientific)	 at	 ~23	 m	 height	 across	 the	 experimental	 site,	 was	















Richardson,	 &	 Aubrecht,	 2017;	 Richardson,	 Hufkens,	 Milliman,	 &	
Aubrecht,	2017;	Richardson	et	al.,	2018;	PhenoCam,	5MP,	StarDot	
Technologies)	 located	 at	 the	 top	 of	 the	 40	 m	 lattice	 ‘flux	 tower’,	
facing	south‐west	towards	arrays	1	(fumigated,	f),	2	(control,	c)	and	




November,	 which	 corresponded	 to	 visual	 observations	 of	 canopy	
closure	and	leaf	fall	respectively.
2.2 | Experimental set up











1	April	 to	1	November,	depending	on	 the	solar	angle	 (see	Section	
2.4	 for	more	 details).	 Scientific	 instrumentation	 and	 equipment	 is	
operational	24	hr	per	day	and	365	days	per	year.	Continuous	meas‐
urements	 include	 wind	 speed/direction,	 PAR,	 total	 radiation,	 air	







(150	parts	per	million	by	volume)	above	ambient	at	 the	 top	of	 the	












ment	 in	 the	 only	 other	 comparable	 experiment	 currently	 running	
(EucFACE,	 Hawkesbury	 Institute,	 Western	 Sydney	 University)	
(Drake	et	al.,	2016;	Ellsworth	et	al.,	2017).	However,	significant	dif‐
ferences	in	structural	designs	were	adopted	at	BIFoR	FACE.
To	avoid	bringing	heavy	machinery	 into	 the	 forest,	 screw	piles	
provided	 foundations	 for	 all	 infrastructure,	 including	 site	 offices,	
towers	and	CO2	storage	tanks.	Screw	piles	were	driven	into	the	bed‐
rock	manually	 using	 air	 compression	 and	 emplaced	 grillages	were	
then	 laser‐levelled	 to	 0°	 slope.	 Array	 towers	 were	 bolted	 onto	 a	
level	 grillage	 platform,	which	 provided	 a	 stable	 unguyed	base,	 off	









livery	 to	 direct	 the	 pilot	 and	 remove	 or	 secure	 any	 hanging	 dead	
wood.	Cutting	of	 large	branches	was	minimal	 and	conducted	only	











     |  5HART eT Al.










the	 tower	 base.	 A	 battery‐powered	 ascender	 (Harken	 Powerseat,	
Harken	UK	 Ltd)	 is	 used	 to	 hoist	 personnel	 (sat	 in	 a	 bosun's	 chair)	
through	the	canopy	for	in	situ	research.
2.4 | FACE arrays and experimental control
There	are	six	FACE	infrastructure	arrays,	each	array	comprising	16	



















1(f) 91 135 88 88 147 160
4(f) 74 310 128 356 83 253




TA B L E  2  Distance	and	direction	matrix	
between	FACE	arrays
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Ambient	 CO2	 is	 measured	 using	 infrared	 gas	 analysers	 (IRGA,	
LiCor	840A,	LiCor	Lincoln)	with	inlets	situated	in	the	control	arrays	
at	 ~24	m.	 The	process‐control	 algorithm	 selects	 the	 lowest	 1	min	
low‐pass	 filter	 average	 from	 the	 three	 control	 arrays	 and	 assigns	
this	as	the	set point	([CO2]set)	from	which	the	treatment	is	calculated	 
(i.e.	 ambient	 +150	 µmol/mol).	 Analysers	 were	 calibrated	 every	
2	 weeks	 between	 0	 and	 1,000	 µmol/mol	 using	 ultrapure	 N2	 (Air	











The	FACE	Control	Program	 (FCP)	 is	 designed	 to	halt	 fumiga‐
tion	when	canopy‐top,	1	min	average,	air	temperature	is	<4°C,	and	
resumes	 fumigation	 when	 the	 air	 temperature	 is	 ≥5°C.	 Carbon	
uptake	 under	 these	 conditions	 is	 considered	 negligible	 (Hughes,	
1966).
Fumigation	 is	 also	 stopped	 during	 periods	 of	 high	 winds	
(15	min	 average	wind	 speed,	u	 >	 8	m/s)	 due	 to	 the	 high	 cost	 of	
maintaining	 elevated	 [CO2]	 during	 windy	 conditions.	 Low	 wind	
speeds,	 u	 <	 0.4	 m/s,	 create	 conditions	 where	 advection	 of	 the	
highly	 enriched	 gas	 flow	 is	 ineffective.	 Under	 these	 conditions,	
gas	 is	 introduced	 all	 around	 the	 array	 via	 alternating	 VVPs	 (for	
more	details,	see	Hendrey	et	al.,	1999;	Lewin	et	al.,	1994).	Dosing	
from	alternating	VVPs	during	periods	of	near‐still	air	avoids	creat‐
























This	 32‐point	 system	 is	 installed	 in	 all	 six	 infrastructure	 arrays.	 For	
more	details	on	the	multiport	sampling	procedure,	see	Hendrey	et	al.	
(1999)	and	Lewin	et	al.	(1994).
2.6 | Statistical analyses and graphical applications





3  | RESULTS AND DISCUSSION
3.1 | Engineering performance
The	first	year	of	FACE	operation	started	on	4	April	(day‐of‐year	






















1(f)	+	3(c) 3,108 3,032 76 14	±	2.6 9 18
2(c)	+	4(f) 3,075 2,992 83 14	±	2.6 8 18
5(c)	+	6(f) 3,057 2,973 84 14	±	2.7 7 18
Note: Minimum	operating	hours	vary	by	~2	hr	due	to	array‐specific	engineering	failures	that	were	
confined	to	single	days	of	restricted	running	times.	See	Figure	1	for	array	locations.
TA B L E  3  Planned	operation	hours,	per	
array	pairings	of	fumigation	(f)	and	control	
(c),	over	the	2017	operating	season
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206	 operating	 days.	 Start	 date	 was	 determined	 using	 current	
and	previous	years’	phenological	observations	taken	at	the	site	
(Figure	2).
The	 facility‐average	 target	 was	 for	 2,994	 hr	 of	 operation	 (out	
of	a	total	of	4,944	hr	including	night‐time).	Based	on	previous	work	
(Dodd	et	al.,	2005;	Hart,	1988;	Hughes,	1966;	Johnson	et	al.,	1998),	























A	 total	 of	 4.76	×	106	 kg	 of	 liquid	CO2	was	 delivered	 to	BIFoR	
FACE	 in	 2017.	 The	 site	 received	 228	 deliveries	 over	 the	 2017	
growing	season	(approximately	1	tanker	 load	per	day).	Hourly	CO2 
consumption	 for	 the	 average	 of	 the	 three	 treatment	 arrays	 was	
1,580	±	657	kg	CO2/hr	(mean	±	SD),	or	23,500	±	995	kg	CO2/day,	 
with	 minimum	 and	 maximum	 daily	 consumptions	 of	 432	 and	















−1 m−2 and 
calculation	 determined	 from	 available	 data;	Nagy,	 Blum,	Hendrey,	
Koller,	&	Lewin,	1995).	An	open	topped	chamber	experiment	mea‐
















tal	variables.	The	analysis	suggests	 that	 the	primary	driver	of	CO2 
demand	is	wind	speed	explaining	21%	of	the	variance.	As	wind	speed	
increases,	there	is	a	clear	requirement	to	provide	more	CO2	to	main‐
tain	 enrichment	 target	 (Table	 5).	 PAR,	 gcc	 and	 air	 temperature	 all	
showed	no	or	weak	correlations	with	CO2	consumption.	The	actual	




The	 enrichment	 set	 point	 (target)	 for	 the	 facility	 (+150	 µmol/mol	
above	ambient)	 is	determined	using	a	moving	5	min	average,	 rela‐
tive	to	the	ambient	concentration	in	the	control	arrays	measured	in	
real	 time	and	automatically	 fed	 into	 the	FCP	algorithm.	To	 look	at	
CO2	distributions	in	more	stringent	detail,	statistics	reported	below	
 CO2 Wind speed gcc PAR Temperature
CO2 1     
Wind	speed 0.46*** 1    
gcc 0.07 −0.24*** 1   
PAR −0.02 −0.05 −0.15* 1  






TA B L E  4  Pearson	correlation	
coefficients	for	potential	variables	
dictating	daily	total	CO2 demand











of	 the	 set	 point,	 for	 at	 least	 80%	of	 the	 operation	 time	 (Hendrey	 
et	 al.,	 1999;	Miglietta	 et	 al.,	 2001).	 BIFoR	 FACE	 achieved	 its	 en‐
richment	 set	 point	 at	 97%	of	 the	 operation	 time	 across	 the	 three	




strate	 the	 relative	 stability	 of	 the	 facility	 over	 the	 growing	 sea‐
son.	Ambient	[CO2]	in	the	three	control	arrays	were	always	within	









the	 target	 (red	 line)	 and	 actual	 enrichment	 hourly	 averages	 for	 all	
hours	when	fumigation	was	scheduled	to	operate.	Negative	outliers	
represent	events	such	as	engineering	failures	(e.g.	loss	of	CO2	feed‐
stock	 in	 August);	 positive	 outliers	 represent	 calm	weather	 events	
(wind	speeds	<0.4	m/s)	resulting	in	short‐term	over‐dosing.
There	are	three	groups	of	outlier	events	(April,	June	and	August)	
across	 the	 three	 fumigated	arrays	 that	 indicate	under	performance	
was	an	issue	at	some	point	in	those	months	(rather	than	short‐term	
deviations	 from	 the	 target.	 These	 were	 due	 to	 engineering	 shut‐
downs	and	all	events	have	been	catalogued	 (Hart,	Miles,	Harper,	&	
MacKenzie,	2017).	The	cluster	of	negative	outliers	 in	August,	for	all	
three	 treatment	 arrays,	was	 caused	by	 a	UK‐wide	 shortage	of	CO2 
causing	the	facility	to	shut	down	operations	due	to	low	liquid	storage	
levels.	These	shutdowns	were	managed	 to	prevent	 fumigation	shut	
















Daily average wind speeds
<1 (m/s) 1 ≤ WS ≤2 (m/s) 2 > WS ≤3 (m/s) 3 > WS <5 (m/s)
Average	(kg) 1.84	×	104 2.27	×	104 2.35	×	104 2.43	×	104
SD	(kg) 5.47	×	103 9.41	×	103 1.02	×	104 1.13	×	104
Min	(kg) 1.29	×	104 6.60	×	103 7.70	×	103 6.50	×	103
Max	(kg) 2.42	×	104 5.04	×	104 5.46	×	104 4.64	×	104




TA B L E  5  Summary	statistics	for	daily	
total	CO2	consumption	for	daily	average	
wind	speed	categories




























occasions	 when	 5	 min	 average	 of	 [CO2]control	 ≥	 10	 µmol/mol	 with	
TA B L E  6  Summary	distribution	statistics	for	all	arrays
e[CO2] µmol/mol
Array Average SD Skewness Kurtosis Q1 Q5 Q25 Median Q75 Q95 Q99
1(f) 145 23 −3.0 18.9 21 115 140 148 155 168 185
4(f) 147 18 −4.4 34.9 65 127 142 148 155 166 178
6(f) 150 20 −2.1 39.9 53 130 145 151 158 173 186
Mean(f) 147 21 −3.0 29.2 26 125 142 149 156 169 184
2(c) 7 10 2.0 7.2 0 0 1 3 10 28 40
3(c) 4 6 5.7 92.1 0 0 0 1 4 14 21
5(c) 7 7 1.5 9.3 0 0 1 5 11 20 27
Mean(c) 6 8 2.5 16.7 0 0 1 3 9 21 34
Note: Mean,	standard	deviation	(SD),	skewness,	kurtosis,	and	quantiles	(Q1	(1%ile),	Q5	(5%ile),	Q25,	median,	Q75,	Q95,	Q99),	reported	as	µmol/mol	 
e[CO2]	in	comparison	to	the	defined	ambient	signal	using	the	1	min	[CO2] averages.
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respect	to	the	reference	control	port.	Changes	in	wind	direction,	other	
than	south	and	south‐westerly,	had	the	largest	impact	on	[CO2]control. 
Increasing	 wind	 speeds	 also	 enhanced	 contamination	 when	 in	 

























of	 the	 time	and	minima	 ranged	between	0	and	−11	±	3.7	µmol/mol	
(mean	±	SD)	averaged	across	the	three	control	arrays.
These	 data	 would	 suggest	 that	 CO2	 released	 from	 the	 fumi‐
gated	arrays	may,	very	occasionally,	 travel	several	 tens	of	metres	
in	 or	 over	 the	 canopy,	 depending	 on	 wind	 speed	 and	 direction.	
Figure	8	demonstrates	 that	 the	 rare	 contamination	events	 in	 the	
control	arrays	are	attributable	to	point	sources	(fumigation	arrays).










F I G U R E  8  Histogram	of	cross‐contamination	incidents	in	all	
control	arrays	(2(c),	3(c)	and	5(c)).	Δ[CO2]	is	defined	in	the	main	text
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this	analysis.	It	takes	32	min	to	poll	all	32	inlets	(providing	~2	meas‐
urements	per	hour	per	port),	during	which	 time	 the	 flow	of	CO2 
into	the	array	will	be	adjusted	many	times	by	the	FCP,	so	measure‐
ments	are	not	 instantaneous	snapshots	of	the	three‐dimensional	
field.	 Figure	 9	 shows	 season‐average	 height	 ‘slices’	 through	 the	





































canopy	 (~10	m	height)	 to	have	the	 lowest	e[CO2],	which	reflects	a	
design	criterion	when	setting	up	the	fumigation	system.	To	maximize	
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on	the	VVP	are	open	in	order	to	improve	the	performance	at	10	m	
without	degrading	performance	at	25	m.






A	 vertical	 profile	 of	 the	Δ[CO2]	 in	 the	 fumigation	 and	 control	
arrays	are	measured	using	eight	fixed	points	at	the	centre	of	each	










minor	 implications	 for	 the	 facility	as	very	 little	actively	photosyn‐
thesizing	material	exists	at	these	heights.	Outlet	ports	are	arranged	




















The	 vertical	 profiles	 of	Δ[CO2]	 observed	 in	 the	 control	 arrays	
(Figure	10b)	demonstrate	a	clear	increase	in	[CO2]	between	0.25	and	
2	m.	Deviations	 from	 [CO2]set	 at	 0.25	m	were	26	±	6,	 14	±	1	 and	
36	±	17	µmol/mol	for	arrays	2(c),	3(c)	and	5(c)	respectively.	This	in‐
dicates	the	positive	impact	of	soil	and	leaf	litter	respiration	to	lower	





mixed	 and	 close	 to	 [CO2]set. Δ[CO2]	 is	 small	 and	 positive	 because	
[CO2]set	is	defined	as	the	minimum	observed	in	any	control	array.
The	 spatial	 distribution	 analysis	 presented	 here	 has	 implica‐
tions	for	the	area	of	each	array	that	is	suitable	for	research.	When	
discussing	FACE	array	sizes,	two	diameters	are	often	mentioned	in	
the	 literature,	 and	 are	 sometimes	 incorrectly	 interchanged.	 These	
are:	(a)	the	diameter	of	the	circle	of	pipes	emitting	CO2;	and	(b)	the	
diameter	of	useful	experimental	 ‘real	estate’.	 It	 is	 important	to	un‐
derstand	 the	 differences	 between	 these	 diameters	when	 locating	
experiments	within	a	FACE	array	and	when	calculating	array	areas	
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and	volumes.	As	the	measurement	field	within	the	array	infrastruc‐
ture	only	commences	3	m	away	from	the	encircling	emitter	pipes,	it	
is	 recommended	 that	 experiments	 concerned	with	 e[CO2]	 restrict	
themselves	 to	 remain	 within	 the	 internal	 multiport	 measurement	
boundary	that	is,	maximum	of	13	m	from	the	array	centre.
4  | CONCLUSIONS





required	 removal	 of	overhanging	branches	 and	 considerable	num‐
bers	of	ground	anchors	(causing	further	soil	disturbance),	and	without	
significant	change	in	canopy	cover.	One	hundred	and	two	25	m	tall,	
metal	 lattice	 infrastructure	towers	are	sited	 in	existing	forest	gaps	
and	are	supported	by	manually	inserted	screw	piles.	e[CO2] began in 
April	2017	and	is	scheduled	to	continue	until	2026.	Addressing	the	
research	questions	posed	above,	we	find	the	following.


























Control	 arrays	 are	within	 10%	of	 the	 ambient	 set	 point—defined	 as	





















data	 set	 to	 derive	 forest	 canopy	 turbulence	 and	mixing	 statistics,	
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